Crystalline zinc oxide (ZnO) nanostructures have been grown on Si substrates by means of Plasma Based Ion Implantation and Deposition (PIII&D) at temperature of about 300 0 C and in the presence of an argon glow discharge. In the process a crucible filled with small pieces of metallic zinc plays the role of the anode of the discharge itself, being polarized by positive DC voltage of about 400V. Electrons produced by thermionic emission by an oxide cathode (Ba, Sr, Ca)O impact this crucible, causing its heating and vaporization of Zn. Partial ionization of Zn atoms takes place due to collisions with plasma particles. High negative voltage pulses (7 kv/40μs/250Hz) applied to the sample holder cause the implantation of metallic zinc into Si surface, while Zn deposition happens between pulses. After annealing at 700 0 C, strong UV and various visible photoluminescence bands are observed at room temperature, as well as the presence of ZnO nanoparticles. The coated surface was characterized in detail using X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), energy dispersive spectroscopy (EDS), scanning electron microscopy (SEM), atomic force microscopy (AFM) and photoluminescence (PL) spectroscopy. XRD indicated the presence of only ZnO peaks after annealing. The composition analysis by EDS revealed distinct Zn/O stoichiometry relation depending on the conditions of the process. AFM images showed the formation of columns in the nanoscale range. Topography viewed by SEM showed the formation of structures similar to cactus with nanothorns. Depth analysis performed by XPS indicated an increase of concentration of metallic Zn with increasing depth and the exclusive presence of ZnO for outer regions. PIII&D allowed to growing nanostructures of ZnO on Si without the need of a buffer layer.
Introduction
Zinc oxide (ZnO) has gathered the attention of the scientific community for many years and it has been the focus of intensive research in various fields due to its significant chemical and physical properties. In fact, in chemical field ZnO is well known as a photocatalyst [1] with high chemical activity, e.g. It is also a singular element with outstanding physical characteristics, being a unique material exhibiting semiconducting and piezoelectric dual properties [2, 3] . In addition, a very rich family of ZnO nanostructures, both in structures and in properties [4] , can be synthesized under distinct growth methods and conditions [5] [6] [7] [8] . Novel potential applications in optoelectronics, transducers, varistors, gas sensors, transparent ultraviolet protection films and biomedical sciences have been demonstrated [9] [10] [11] [12] [13] . However, most ZnO nanostructures have been mainly grown on sapphire [14, 15] , which is rare, expensive and difficult to integrate. When silicon is the substrate, e.g., usually some kind of catalyst or buffer layer must be used [6, 16] . Despite the large lattice mismatch between ZnO and Si, which is the main constraint for direct growth of the film on the substrate [17] , some deposition methods can accomplish this task [18, 19] .
In this paper, crystalline ZnO nanostructures have been grown on Si by means of Plasma Immersion Ion Implantation and Deposition (PIII&D). In a first step metallic Zn is implanted and deposited on Si surface and ZnO nanostructures are attained after annealing in rich oxygen atmosphere. The implantation stage is important to seed the sites for the growth of Zn structures on Si, which will be further oxidized. In fact, the process alternates implantation and deposition. During implantation stage, energetic ions are being implanted in the substrate and also in the deposited film, leading to the formation of an intermixed layer where the substrate material is gradually merged into the film material. So, one of the benefits of PBII&D are the enhanced atomic mixing of film to substrate with the formation of specific crystalline structures [20] [21] [22] . The mixed interface region is the responsible for the superior adhesion of the film formed, with reduced stress associated with the structural mismatch of substrate and film material, in comparison with a conventional non-intermixed deposition method.
Notice that unlike conventional ion beam implantation, PIII is a non line-of-sight implantation method [23, 24] . It is used for 3D treatments without the need of manipulation of the target and it can open up possibilities for 3D growth of ZnO nanostructures on Si, a substrate for which a mature technological development has been achieved.
Experimental
The process of PIII&D was performed in VAST [25, 26] , acronym for Vaporization of Solid Targets. In this system, showed in Fig. 1 , an argon glow discharge is first switched-on at a pressure of 10 -3 mbar. A molybdenum crucible, which is filled to the top with small pieces of metallic zinc, plays the role of the anode of the discharge itself, being polarized by positive DC voltage at about 200 V. Electrons thermionically produced by an oxide cathode [27] bombard the crucible, causing the vaporization of the zinc at a controlled temperature of 420 0 C. The vapor is partially ionized due to collisions with plasma particles and electrons are drawn from the cathode. Zn ions are implanted into Si when high negative voltage pulses (7 kV/250 Hz/40 μs) are applied to the sample holder. Deposition of neutral Zn takes place between pulses. After PIII&D Si samples were annealed for 1h at 700 0 C in a furnace with flowing oxygen gas under atmospheric pressure.
Fig. 1. Experimental apparatus of VAST
The surface morphology of Si was evaluated by means of SEM in a JEOL JSM-5310 apparatus, equipped with EDS, which was used for ZnO stoichiometry analysis. Crystal structure was analyzed by high resolution X-ray diffractometer Phylips X´Pert MRD using Ni filter and operating in the mode of thin films. The surface topography was viewed by AFM images, which was recorded in non-contact mode with a Veeco Multimode and Nanoscope V control station. Qualitative elemental analysis was obtained by XPS measurements performed with a Kratos XSAM 800 spectrometer using Mg Kα 1,2 radiation and fixed analyzer transmission mode (80 and 40 eV pass energies for survey and detailed spectra, respectively) The spectra were referenced to the C 1s line (biding energy, BE = 285.0 eV) of the adventitious hydrocarbon type carbon. Data acquisition and processing were performed with the Kratos Vision 2 program. The PL spectra were acquired using a 325 nm He-Cd laser line as an excitation source at room temperature. Luminescence was detected by monocromator and photomultiplier with the help of a data acquisition system. Fig. 2 shows high resolution XRD patterns in the as-implanted state (a) and after oxidation at 700 0 C (b). The sample in the as-implanted state shows distinct diffraction peaks of a mixture of both Zn metal and ZnO, indicating the inhomogeneous nature of the sample. In the diffraction pattern the ZnO (101) peak is dominant and the unique ZnO peak, but other weaker Zn peaks are present. The partial oxidation of Zn in this case is due to residual oxygen present in the vacuum chamber during treatment. In fact, oxygen is usually an impurity always present during PIII, but in this case it played in favor of the oxidation of Zn. The sample after annealing shows a single phase of ZnO. The (101) peak remained as the dominant one, but many other ZnO peaks arose. The ZnO stoichiometry analysis was straight determined via software of EDS equipment, by setting the beam energy during measurements to 1 keV. Si substrate was detected only when the beam energy was set above 3 keV. For as-implanted sample (Fig. 3a) the calculated Zn/O atomic percentage was equivalent to 1.68/1. This relation reached the ideal case of Zn/O = 1/1 after annealing. The increase of the intensity of oxygen peak for this case can be seen in Fig. 3b . It was also observed in previous measurements (results not shown) that annealing temperature plays an important role concerning the oxidation of Zn. For annealing temperature of about 400 0 C there is just a partial oxidation of Zn. The depth profiles between Zn and ZnO structures for sample submitted to annealing at 400 0 C were determined by Ar + etch profiling using XPS. Ion etch was performed in two steps: 2.5 keV during 15 min (Fig. 4b ) and additional 30 min (Fig. 4c) . The results at the Zn L 3 M 45 M 45 transition are shown in Fig. 4 . The dominant one at about 988 eV can be ascribed to ZnO [22] and the other one at about 992 eV is ascribed to metallic Zn. With increasing the etching time the relative intensity of ZnO peak decreases, while the Zn peak increases. Thus, an increase of concentration of metallic Zn with increasing depth can be deduced. ZnO sputters congruently, that is without change in the stoichiometry, therefore the increase of metallic Zn with increasing depth should be a real effect. The role played by Zn implantation in the beginning of the process is necessary to form a conducting intermixing layer. However, in PBII&D, when the growing film is thicker than the implantation depth, ion implantation does not contribute anymore to the intermixing but is still essential to the structure of the film. Fig. 6a shows scanning electron microscopy image corresponding to the sample which AFM image was shown in Fig. 5 . It can be observed regular uniformity of the grown film. The mean crystallite size measured is about 82 nm. After annealing at 700 0 C in rich oxygen atmosphere the sample presented significant change of superficial morphology, as can be seen in Fig. 6b . Microstructures resembling microcactus and nanothorns with random orientation can be observed. Changes on the morphology of grown ZnO films after annealing at different temperature range were extensively discussed on the literature [28] [29] [30] . The photoluminescence spectrum of ZnO nanostructures attained after annealing at 700 0 C is shown in Fig. 7 . Narrow and intense UV band at 380 nm in wavelength and a broad green band with peak at 504 nm are observed in the photoluminescence spectrum of Fig. 7a . On the other hand, distinct spectra are attained in VAST by performing IIIP in discharges mixing argon and oxygen. Usually, as high the oxygen content during the process, more intense green peaks are attained. A typical case is the result shown in Fig. 7b .
Results and discussion
The UV emission band of wide band gap ZnO nanostructures is explained by the recombination of free excitons through an exciton-exciton collision process [31] . The green band emission is still controverse, but, to the best of our knowledge, it results from the recombination of a photogenerated hole with an electron that belongs to a singly ionized oxygen vacancy [32] .
Summary
Crystalline ZnO nanostructures were grown on silicon substrate without the need of a catalyst or buffer layer, using PIII&D. The implantation of Zn ions previously to the deposition allows a straight growth of ZnO on Si surface. The process runs in low temperature and its operation parameters are easily controlled. The samples were characterized by EDS, XRD, AFM, XPS, SEM and PL spectroscopy, in order to infer their stoichiometry, phase characterization, topography, qualitative elemental analysis, morphology and photoluminescence emission, respectively. Post-oxidation stage was demanded to the achievement of the nanostructures and emission of intense photoluminescence at room temperature.
